The temporal pairing of a neutral stimulus with a reinforcer (reward or punishment) can lead to classical conditioning, a simple form of learning in which the animal assigns a value (positive or negative) to the formerly neutral stimulus [1] . Olfactory classical conditioning in Drosophila is a prime model for the analysis of the molecular and neuronal substrate of this type of learning and memory [2-5]. Neuronal correlates of associative plasticity have been identified in several regions of the insect brain. In particular, the mushroom bodies have been shown to be necessary for aversive olfactory memory formation [6]. However, little is known about which neurons mediate the reinforcing stimulus. Using functional optical imaging, we now show that dopaminergic projections to the mushroom-body lobes are weakly activated by odor stimuli but respond strongly to electric shocks. However, after one of two odors is paired several times with an electric shock, odor-evoked activity is significantly prolonged only for the "punished" odor. Whereas dopaminergic neurons mediate rewarding reinforcement in mammals [7] , our data suggest a role for aversive reinforcement in Drosophila. However, the dopaminergic neurons' capability of mediating and predicting a reinforcing stimulus appears to be conserved between Drosophila and mammals.
The temporal pairing of a neutral stimulus with a reinforcer (reward or punishment) can lead to classical conditioning, a simple form of learning in which the animal assigns a value (positive or negative) to the formerly neutral stimulus [1] . Olfactory classical conditioning in Drosophila is a prime model for the analysis of the molecular and neuronal substrate of this type of learning and memory [2] [3] [4] [5] . Neuronal correlates of associative plasticity have been identified in several regions of the insect brain. In particular, the mushroom bodies have been shown to be necessary for aversive olfactory memory formation [6] . However, little is known about which neurons mediate the reinforcing stimulus. Using functional optical imaging, we now show that dopaminergic projections to the mushroom-body lobes are weakly activated by odor stimuli but respond strongly to electric shocks. However, after one of two odors is paired several times with an electric shock, odor-evoked activity is significantly prolonged only for the "punished" odor. Whereas dopaminergic neurons mediate rewarding reinforcement in mammals [7] , our data suggest a role for aversive reinforcement in Drosophila. However, the dopaminergic neurons' capability of mediating and predicting a reinforcing stimulus appears to be conserved between Drosophila and mammals.
Results and Discussion
Drosophila has provided a key model organism for the investigation of associative learning and memory on the level of genes and neuronal networks [2] [3] [4] [5] . In the most commonly used learning paradigm for Drosophila [8] , an odor acting as the conditioned stimulus (CS+) is paired with an electric shock acting as the unconditioned stimulus (US); an unpaired odor (CS−) serves as a control. As a consequence, the fly learns to avoid the odor associated with the punishment. This model system has been proven to be useful in particular for identifying the neuronal substrates mediating this experience-dependent change in behavior. One component of an aversive olfactory short-term memory is dependent on the expression of rutabaga [9] , an adenylate cyclase that has been assumed to be a molecular coincidence detector of the neuronal activities evoked by CS and US.
*Correspondence: afiala@biozentrum.uni-wuerzburg. de Exactly this memory component could be localized to the mushroom body, a higher-order integrative insect brain center receiving olfactory input from the antennal lobes [10, 11] . Moreover, blocking the output of Kenyon cells during training impairs the expression of an olfactory memory [12] [13] [14] , demonstrating that mushroom-body output is necessary for memory retrieval. However, it has to be noted that neuronal correlates of associative learning have also been detected in the antennal lobes of Drosophila [15] and honeybees [16] [17] [18] .
But which neurons mediate the reinforcing signal evoked by the US? One hint comes from experiments in which synaptic transmission from dopaminergic (DA) neurons has been blocked, leading to an impairment of aversive (but not appetitive) olfactory learning [19] . In the present study we analyzed the responsiveness and plasticity of DA neurons during an aversive training regime. We used the Gal4-UAS system [20] to selectively express Cameleon 2.1, a genetically encoded calcium sensor [21] previously used to visualize neuronal activity in Drosophila in vivo [22] , in almost all DA neurons. A fly line expressing Gal4 under the control of a tyrosine hydroxylase promotor [23] was used to drive the Cameleon 2.1 expression under UAS control [24] . Because the best evidence exists for the involvement of the mushroom body in associative olfactory learning in Drosophila, we focused in our study on this neuropil.
First, we wanted to analyze whether the mushroombody lobes are innervated by dopaminergic neurons. The Cameleon expression in DA neurons illustrates the widely ramified arborizations of DA neurons in the Drosophila brain (Figures 1A-1C) . Almost the entire brain is innervated by DA neurons, with particularly dense projections to parts of the mushroom-body lobes (besides other densely innervated structures, e.g., parts of the central complex and parts of the suboesophageal ganglion). In order to localize the mushroom bodies and to detect the innervation of the mushroom body in greater detail, we generated flies expressing the red fluorescent protein DsRed [25] under control of the mushroom-body-specific promotor mb 247 [10] (Figure 1D ) as well as Cameleon in DA neurons ( Figure 1E ). This red-fluorescent landmark enabled us to exactly localize the terminal arborizations of DA neurons onto the mushroom body (Figures 1F-1I) . The heel region, the α lobe, and the tip of the β lobe are most strongly innervated, whereas large parts of the horizontal lobes (medial parts of the β lobe and parts of the γ lobe) are more sparsely innervated. The mushroom bodies' main olfactory input regions, the calyces, and the primary olfactory neuropils, the antennal lobes, are only faintly innervated. Movies of the entire confocal microscopic stacks are provided in the Supplemental Data available with this article online. The movies show the innervation pattern in greater detail.
Using optical imaging, we visualized stimulus-evoked calcium activity in DA neurons in vivo. As previously described in detail [26] , a fly was glued with its head and thorax to a transparent foil, and a hole was cut into the head capsule, which was then covered with a drop Figure 2H ). This is in apparent contradiction to a report of synaptic vesicle release evoked by electric shock in projection neurons [15] but can perhaps be explained by the differences in the experimental procedures. First, in our study the shock was applied via an electric grid (as in the standard learning paradigm [8] ) and not through an electrode applied to the abdomen. Second, we focused on terminal arborizations of olfactory projection neurons to the mushroom-body calyx and not on the antennal lobe. Alternatively, the different sensors used (ratiometric Cameleon versus nonratiometric SynaptopHluorin) could also account for the differences. In any case, the observation that the electric shock did not evoke any calcium signals in terminal arborizations of olfactory projection neurons demonstrates the specific responsiveness of DA neurons.
We next asked whether DA neurons in Drosophila display predictive features similar to those revealed by vertebrate DA neurons. Mammalian midbrain DA neu-rons respond to a surprising, i.e., unpredicted reinforcing reward stimulus with a phasic increase in spike rate [7] . In addition, during the course of associative training they acquire the ability to predict the US [7] . The experimental design we used to address this question consists of four parts. The exact experimental design is illustrated in Figure 3A (see figure legend for a detailed  description) . First, a US test for responsiveness to the electric shock was performed. Second, in a pre-training phase we tested for odor-evoked responses prior to conditioning. Third, a training phase in which the CS+ is paired with the US was performed. The CS− is presented without reinforcement. Because multiple trials induce more effective learning than single trials [28] , seven training trials were performed. In order to reveal whether DA neurons are able to predict an expected US, we had to temporally separate the CS+ from the US. Therefore, we presented 3 s odor stimuli that preceded the US. Two seconds after the CS+ onset, the US was presented, resulting in a 1 s overlap of the CS+ and US. Fourth, we performed a post-training phase to test again for odor-evoked responses after training. At the end of the experiment, 10 l of 1M KCl solution was applied directly into the Ringer's solution covering the brain. A strong calcium signal confirmed the viability of the brain (data not shown).
Out of 14 recorded flies, ten animals showed responses to the last odor presentation and to the KCl application and were included into the analysis. The 2 s electric shock (US) applied during the first phase confirms the significant responsiveness of the neurons (p < 0.02; n = 10; Figure 3B ). In the second phase, the two odors (again benzaldehyde and ethylacetate, dilution 10 −3 ) are consecutively presented prior to training. The order of the two odorants is altered from fly to fly in a balanced way to exclude possible odorant-specific effects. No significant difference between the two odorants (p > 0.51) or the order of presentation (p > 0.17) can be detected. Therefore, the responses of both odors were averaged and quantified. Again, the odors evoked a significant increase of 0.9 ± 0.2% ⌬R/R (mean ± SEM; p < 0.0002; n = 20 stimulations in 10 animals) in calcium activity. In the third phase, the differential conditioning regime was performed. As can be seen in the last training trial shown in Figure 3C , the odorevoked calcium signal is followed by the strong calcium influx evoked by the electric shock. The peak amplitude of activity is indistinguishable (p > 0.9) between the first US presentation (2.8 ± 1.0% ⌬R/R; mean ± SEM) and the US response in the last training trial (3.1 ± 0.8% ⌬R/R; mean ± SEM), demonstrating that the US response does not change during the course of the training procedure. In the fourth phase, in a test situation after training, CS+ and CS− are presented again without the US (Figures 3D and 3E) .
In order to reveal whether the odor-evoked signals change due to the training procedure, we compared calcium signals evoked by the CS+ or CS− between the pre-training and post-training situations. The amplitudes of calcium signals at 1 s after stimulus onset are not significantly different for the CS+ (p > 0.2) before (0.8 ± 0.2% ⌬R/R) and after training (1.12 ± 0.2% ⌬R/R) or for the CS− (p > 0.4) before (1.0 ± 0.2% ⌬R/R) and after training (0.9 ± 0.3% ⌬R/R). However, after training, the response evoked by the CS+ is clearly more sus- tained than the response before training ( Figure 3D ). In contrast, the CS− shows an unchanged decay in calcium activity after cessation of the stimulus ( Figure 3E) . In order to quantify the training-induced prolongation of calcium activity after specific pairing with the US, we calculated the integrated areas between baseline and ratio values for 3 s time windows before, during, and after the odor stimulus ( Figures 3D and 3E ) and calculated the differences for pre-and post-training values (Figures 3F and 3G) . Whereas during the stimulus no training-induced change in activity was detected for the CS+ (p > 0.2), a significant difference was observed during the 3 s after the odor ceased (p < 0.02) ( Figure  3F ). No such activity change is observed for the CS− during (p > 0.8) or after (p > 0.1) the stimulus ( Figure  3G ). Therefore, DA neurons not only mediate a reinforcing stimulus but also reflect in their activity the traininginduced association with the US; in other words, during training they acquire the capability to predict the anticipated punishment.
How does this result fit into the current model of associative olfactory learning in Drosophila? Most data are in favor of a coincidence of CS and US onto the presynapses of Kenyon cells and a resultant strengthening of the synaptic efficacy from Kenyon cells to mushroom-body-extrinsic neurons that ultimately influence the fly's behavior [4, 6] . Our data suggest an extension of that model by pointing to an as-yet-anatomicallyunidentified excitatory feedback loop from Kenyon-cell output neurons onto DA neurons (Figure 4) . As a conse-quence of this proposed model, during the course of CS-US association an odor stimulus of little relevance gains a relevance that is subsequently represented in a prolonged activation of the DA neurons mediating aversive reinforcement. Of course, we cannot exclude the possibility that other brain regions innervated by DA neurons exhibit similar predictive features. However, these predictive features do not seem to be necessary for the initial formation of an aversive memory because mushroom-body output is only needed for retrieval, not for the formation of an aversive olfactory memory [12] [13] [14] .
Interestingly, the phenomenon of predictive features of DA neurons resembles the predictive properties of vertebrate DA neurons [ In this context it is conspicuous that calcium activities evoked by an electric shock outlast the stimulus. If the calcium activities revealed by our experiments reflect effective time windows for CS-US coincidence, one would expect that backward pairing of US and CS with short interstimulus intervals should also lead to aversive learning. Indeed, Tanimoto et al. [34] have shown this to be the case. However, when backward pairing is performed with longer US-CS intervals (w30 s), an approach behavior toward the backward-conditioned odor can be observed, with the functional implication that the odor may now indicate the absence of the punishment [34] . It will be of interest in the future to test whether such a conditioned approach behavior involves also DA neurons.
A second difference with observations in vertebrates concerns the fact that in mammals the responsiveness of DA neurons to the increasingly predicted US diminishes during the course of the training and shifts toward the predicting CS [7, 29, 30] . We have no evidence for such a phenomenon in Drosophila because the responses to the first US presentation and US in the last training trial are indistinguishable in amplitude. In this respect, the reinforcement system in insects might be significantly simpler than in vertebrates. Alternatively, our training procedure could be too short to detect such a phenomenon, or the US used could be too strong. Despite those differences, our data suggest that a reinforcing and US-predicting role of DA neurons represents a common principle of complex brains rather than a specific feature of the mammalian central nervous system. 
Experimental Procedures

Drosophila melanogaster
Antibody Staining and Confocal Microscopy
Immunostaining of female Drosophila brains was performed according to standard procedures as described in detail in the Supplemental Experimental Procedures. The following antibodies were used: mouse monoclonal mouse antibody nc82 [35] , rabbit polyclonal anti-GFP (Molecular Probes), Alexa 488-conjugated goat anti-rabbit-Ig antisera, and Cy3-conjugated goat anti-mouse-Ig antisera (Molecular Probes). Confocal images obtained with a confocal microscope (Leica TCS NT) were contrast enhanced (Metamorph software, Universal Imaging).
Imaging and Data Analysis
Preparation and optical imaging were performed as previously described [26] . For a detailed description of the optical imaging setup and odor application, see the Supplemental Experimental Procedures. 
Data Analysis
